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the formation of an enzyme-bound intermediate calledPushing Induced Fit to Its Limits:
aminoacyl-adenylate from amino acids, ATP, and mag-tRNA-Dependent Active Site nesium ions. At the second step, the aminoacyl moiety
is transferred to one of the hydroxyl groups of the 3-Assembly in Class I
terminal adenosine of the tRNA to form an aminoacyl-Aminoacyl-tRNA Synthetases
tRNA. Due to their fundamental importance, the aaRSs
are likely to be one of the most ancient families of pro-
teins and have therefore been analyzed extensively (for
Aminoacyl-tRNA synthetases are responsible for a recent review of the field, see [1]). The aaRSs are
aminoacylating their cognate tRNAs with a unique divided into two classes, which correspond to two archi-
amino acid. Recent structural work shows how binding tectures of the active site core characterized by con-
of substrates is coupled to assembly of the active site. served amino acid residues.
Prodigious efforts spanning more than 25 years led
Aminoacyl-tRNA synthetases (aaRSs) constitute a fam- to the determination of the crystal structures of mainly
ily of RNA binding proteins that play a central role in all aaRSs, either in the free state or in complexes with
translation by forming the aminoacyl-tRNAs used in pro- the other partners of the aminoacylation reaction. aaRSs
tein biosynthesis. In most organisms, there are 20 dis- now constitute the best textbook example of multido-
tinct aaRSs, each of them being responsible for amino- main proteins, including insertion and terminal func-
acylating its cognate tRNA(s) with a unique amino acid tional modules, appended to one of the two class-spe-
cific active site domains. In several cases, the specificityin a two-step catalytic reaction. The first step leads to
Previews
485
of aaRSs for their cognate substrates has been analyzed with its cognate tRNAGln and ATP was the first to be
solved 14 years ago [9], followed several years later byin terms of chemistry and physical interactions at the
atomic level, revealing a remarkable diversity in the a ternary complex involving GlnRS, tRNAGln, and a stable
glutaminyl-adenylate analog [10]. Comparison of thisstrategies employed for amino acid and tRNA recogni-
tion. Moreover, it has been clearly demonstrated that new structure with the tRNA-bound complexes reveals
that tRNAGln binding generates subtle but significantthe specificity of aaRSs for their cognate substrates
relies heavily on idiosyncratic induced-fit conforma- conformational changes in several regions of the pro-
tein, particularly in and adjacent to the active site cleft.tional changes upon substrate binding. Induced fit upon
binding has been seen in the tRNA and protein compo- Their analyses highlight the fact that binding of sub-
strates is coupled to active site assembly and that nei-nents.
Three of the canonical class I aaRSs, the arginyl-, ther the ATP nor the glutamine binding sites are fully
formed in the unliganded GlnRS.glutaminyl-, and glutamyl-tRNA synthetases (ArgRS,
GlnRS, and GluRS) and the recently discovered class I A careful comparison of the mechanisms used by
ArgRS, GlnRS, and GluRS still remains to be done intype lysyl-tRNA synthetase (LysRS-I) are known to share
a peculiar property in that they only catalyze the first step order to establish some general guidelines. Indeed, sev-
eral features of the conformational changes observedof the aminoacylation reaction, amino acid activation, in
the presence of their cognate tRNA(s). This subset of upon substrate binding are likely to be idiosyncratic to
each system. However, as pointed out by Sherlin andaminoacyl-tRNAs must have a regulation mechanism to
avoid aminoacyl-AMP formation in the absence of tRNA. Perona, induced conformational transitions arising from
proteins contact with different regions of the tRNA con-Therefore, a scientific debate has been going on for
more than 30 years concerning the detailed mechanism verge to modify the structure and interactions in the
catalytic site. The observed structural changes stressof the aminoacylation reaction by ArgRS, GlnRS, and
GluRS. The question of why a subset of aaRSs requires the importance of the induced fit and rationalize the role
of the tRNA as an obligate macromolecular cofactor intRNA to activate amino acids has been addressed by
X-ray crystallography, and significant insight into this the first step of the aminoacylation reaction by ArgRS,
GlnRS, and GluRS. Despite the elucidation of more thanquestion is now in hand for ArgRS, GlnRS, and GluRS.
Different crystals forms corresponding to different snap- 15 crystal structures, additional kinetic and crystallo-
graphic analyses are required for a full description ofshots of the aminoacylation reaction have been obtained
and solved. Comparative analyses of the states of the such an induced-fit pathway. The pictures of several
states are still missing; for example, the ATP bindingreaction give some precious clues to understand this
complex biological process. manner of GlnRS or ArgRS in the absence of tRNA re-
mains unknown. Moreover, for ArgRS, GlnRS, andFive different crystal forms corresponding to four dif-
ferent states of the arginylation reaction have been visu- GluRS, it has not been possible to freeze together all
the partners of the aminoacylation reaction in a givenalized for ArgRS [2–4]. The structural data have shown
that the binding of tRNAArg produces conformational state of the reaction. X-ray crystallography is challenged
to produce a highly desired image of the transition statechanges of the ATP binding cleft and builds up the
productive ATP binding pocket. Several key residues of quaternary complex. Unfortunately, the problem of ob-
taining high-quality crystals of complexes containing athe active site play multiple roles in the catalytic path-
way. Moreover, through a molecular switch based on given aaRS and its cognate tRNA remains a bottleneck.
two different conformations of a phylogenetically invari-
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Folding by Consensus
Recent design efforts have produced folded linear re-
peat proteins from duplicated consensus sequences
with stabilities exceeding those of naturally occurring
repeat proteins.
Although the study of structural biology is nearly a half
century old, our understanding of the relationship be-
Figure 1. The Structure of a Consensus-Designed Ankyrin Repeattween sequence, structure, and stability is far from com-
Protein Containing Four Identical Sequence Repeats
plete. One approach to test and advance our under-
Individual repeats in this 1.5 A˚ structure, determined by Mosavi et al.standing of this important subject is to try to design
[5], are colored from red (N terminus) to blue (C terminus). Individual
proteins that adopt predetermined structures using first repeats superpose with an average C RMSD of 0.33 A˚.
principles (chemical intuition) and “knowledge-based”
information such as sequence homology.
Some exercises in design have been limited to parts position [4]. Their designed repeat proteins match this
consensus sequence with one exception: a cysteineof folded proteins, as exemplified by the successful de-
sign of novel metal binding sites within the framework residue is replaced with an alanine to prevent disulfide
bond formation. In their design, the authors have alsoof naturally occurring protein domains [1]. Others have
subjected the entire sequences of small, folded proteins included a polar helix to terminate the C-terminal repeat,
and three N-terminal residues to cap the N-terminal to redesign, as exemplified in the work of Mayo and
coworkers [2]. Another principle that can guide design helix. Constructs that contain one to three copies of
their consensus repeat are folded, show sharp thermalis symmetry. By designing a structure with internal sym-
metry, a large protein can be constructed from a rela- unfolding transitions, and have high melting tempera-
tures (Table 1). Both of the larger constructs are amena-tively small designed protomer, or module. DeGrado
and coworkers made use of rotational symmetry to de- ble to structural analysis, giving high-quality NMR spec-
tra and well-ordered crystals. The authors present thesign helix bundles of varying stoichiometry and size [3].
Another way to take advantage of symmetry in protein crystal structures of the two- and three-repeat TPR do-
mains at 1.55 and 1.6 A˚, respectively, which demonstratedesign is to target a linearly repeating unit that pos-
sesses translational (or screw) symmetry. Unlike rota- the success of their design strategy: both the two- and
three-repeat constructs closely match the structure oftional symmetry, which is “closed,” translational sym-
metry can in principle be continued indefinitely, resulting known, naturally occurring TPR proteins.
Recent efforts to produce consensus ankyrin repeatin very large structures. Nature is full of proteins that
contain repeated units of secondary structure that are proteins have been similarly successful. Ankyrin repeats
are 33-residue repeats containing two  helices (slightlyarranged in linear, tandem arrays. Examples of such
repeats include -prism repeats, which consist of three shorter than those of TPR repeats) followed by an ex-
tended loop--turn structure and a different interrepeat strands, leucine-rich repeats, which contain a short 
strand and either a 310 or an  helix, and a variety of packing geometry. Based on both consensus and chem-
ical intuition, Mosavi et al. produced ankyrin polypep-helical repeats such as ankyrin, tetratricopeptide (TPR),
and armadillo repeats. In this issue of Structure, Main tides containing from one to four identical repeats [5]
(Figure 1). As with the designed TPR protein, the three-et al. [4] present the successful design of a stable tetra-
tricopeptide repeat (TPR) domain. and four-repeat versions of these proteins also showed
high thermostability (Table 1), and the high-resolutionTPR domains contain repeated motifs of 34 amino
acids that form two antiparallel  helices. Each repeat crystal structures of these consensus ankyrin repeat
proteins confirm the success of the design strategy.is packed against its neighbors with a geometry that
results in a linear, superhelical structure. Main et al. used Using a slightly different approach, Kohl et al. combined
consensus information with random surface substitu-a collection of approximately 2000 TPR sequences to
determine a consensus sequence based exclusively on tions (approximately 20% of the total sequence) to cre-
ate a regular scaffold displaying a range of potentialthe identity of the most probable amino acid at each
